Introduction
Aside from its well-known detrimental effects that include increased cancer risk, heart disease and chronic obstructive pulmonary disease, tobacco use has been associated with increased risk of osteoporosis and fractures as well as delayed mineralization yield and kinetics during bone healing (Godfrey et al., 2001; Parviainen et al., 2017; Seeman et al., 1983; Daniell, 1976; Cooper et al., 1988; Blum et al., 2002; Izumotani et al., 2003; Ortego-Centeno et al., 1997) . In dental clinics, smoking is among the most common risk factors for post-tooth-extraction complications (Ozkan et al., 2014) . Experiments in mice proved that smoke exposure negatively changed the material properties of bone such that it is more prone to accumulate permanent damage (Seeman et al., 1983) . Indeed, a large cohort study including 14,060 U.S. subjects concluded that smoking and bone mineral density were inversely correlated (Benson & Shulman, 2005) .
Exposure to tobacco smoke has long been known to increase the mother's risk for spontaneous abortions and for premature delivery. In the 1980's it was concluded that cigarette smoke also caused many abnormalities to embryos (Ejaz et al., 2009 ). Further, some laboratory studies have begun to verify the detrimental effects of tobacco exposure to the embryonic skeleton (Paulson et al., 1988) . Isolated epidemiological human studies have associated smoking while pregnant with lower neonatal bone mass (Godfrey et al., 2001 ) and prepubertal bone https://doi.org/10.1016/j.taap.2018.11.006 Received 22 September 2017; Received in revised form 13 November 2018; Accepted 16 November 2018 mass at age 8 (Jones et al., 1999; Micklesfield et al., 2006) , although no increased fracture occurrence was reported in children of smoking mothers (Jones et al., 2004; Jones et al., 2013; Hallal et al., 2009 ). However, more recent studies find a significant correlation between in utero tobacco exposure and childhood fracture risk (Parviainen et al., 2017) as well as neonate bone mineral quality (Godfrey et al., 2001) .
Despite warnings, 10-12% of women in the U.S. consume tobacco products during pregnancy (Tong et al., 2009) , often using so-called 'harm-reduction' tobacco products, which are perceived as safer. Smokeless tobacco, including Snus, falls in this category since it does not yield combustion products when used. Similar to chewing tobacco, consumption of Snus occurs orally: a small tobacco filled pouch is placed between the upper lip and gums and the resulting juice is swallowed. In Nordic European countries, where Snus has been traditionally consumed since the early 19th century, the prevalence of Snus use has increased in recent years as consumption of conventional cigarettes has fallen (Pedersen & von Soest, 2014; Lund et al., 2014) . North America has introduced Snus only in 2006, but market sales have already doubled between 2009 and 2010, with Snus brands establishing themselves among the top 10 moist snuff brands sold in the U.S. just two years after their introduction (Delnevo et al., 2014) . Its colorful packaging and sweet flavoring especially markets Snus to youth, young adolescents, and women. Indeed, the use of smokeless tobacco has increased among women of childbearing age both in Sweden and globally (Connolly & Alpert, 2008) . Although Snus is marketed with claims of reduced cancer risk, little is known about its potential harmful effects on developing bone cells.
To evaluate the risk of Snus exposure on the human skeleton, in this study, we turn to human embryonic stem cells (ESCs). The differentiation of ESCs mimics the development of an embryo in vitro and has been exploited for analysis of risk associated with xenobiotic exposure in many tissues, including bone zur Nieden & Baumgartner, 2010; Walker et al., 2014) . The genesis of bone from ESCs or within the skeleton ends with the formation of hydroxyapatite from calcium and phosphate. This process of calcification is facilitated by the osteoblast, which secretes a collagenous matrix as the frame work for the hydroxyapatite formation as well as all other extracellular matrix (ECM) proteins necessary for bone function (Boskey, 1996) . Among these, osteocalcin (OCN) is uniquely found only in bone tissue, which is why its presence is often used as a biomarker for osteogenesis (Buttery et al., 2001; zur Nieden et al., 2003; Sottile et al., 2003; Ding et al., 2012; Rutledge et al., 2014; Sparks et al., 2018) . The ability of osteoblasts to calcify the ECM can also be confirmed by calcium specific stains, such as von Kossa or Alizarin Red (zur Nieden et al., 2003; Ding et al., 2012; Sparks et al., 2018; Puchtler et al., 1969; Rungby, 1993) , but this type of assessment is often qualitative.
Quantitatively, absorbent calcium sensitive dyes, such as Arsenazo III, can detect matrix-bound calcium (Davis et al., 2011) . Because quantification with calcium-sensitive dyes typically requires sacrificing the culture, our lab has used the physical black appearance of the calcified matrix in still bright-field images to quantify the amount of calcium deposited by ESCs as they differentiate and when exposed to xenobiotics zur Nieden & Baumgartner, 2010; Walker et al., 2014; zur Nieden et al., 2007) . The kinetic analysis of this signature dark appearance of the calcified matrix as described in this paper is the cornerstone in the assessment of Snus exposure on such developing cells. With it, we were able to determine the adverse effects of Snus on differentiating osteoblasts, measurable already after 10 days in culture. Furthermore, we were able to pinpoint the tobacco constituent N′-nitrosonornicotine as a potential driving force for the inhibitory outcome of Snus exposure on osteogenesis.
Materials and methods

Cell culture
H9 human embryonic stem cells (hESCs) were obtained from WiCell and were cultured on Matrigel (BD Biosciences) treated culture plates in mTeSR 1 medium (Stem Cell Technologies) as feeder-free cultures at 37°C with 5% CO 2 as described (Sparks et al., 2018) . Colonies were passaged every 5 days using accutase treatment (2-4 min at room temperature) and a cell scraper to dislodge cell clumps from the plastic. Cells were used within passages 3-10 after thawing to prevent accumulation of karyotypic abnormalities and screened once a month for mycoplasma contamination.
Human foreskin fibroblasts were provided by Dr. Derrick Rancourt (University of Calgary, Canada) and cultured in high glucose L-glutamine Dulbecco's modified Eagle's medium (DMEM, Corning) with 10% fetal bovine serum (FBS, Atlanta), 1% non-essential amino acids (NEAA, Gibco), and 0.5% penicillin/streptomycin (10,000 units/10,000 units, Gibco).
Osteogenic differentiation of embryonic stem cells
Differentiation was induced from confluent hESCs by the addition of control differentiation medium (CDM) composed of DMEM containing 15% FBS (Atlanta Biologicals), 1% (v/v) non-essential amino acids, 50 U/ml penicillin, 50 μg/ml streptomycin, and 0.1 mM β-mercaptoethanol (Sparks et al., 2018) . Osteogenic differentiation medium composed of CDM supplemented with 1.2 × 10 −7 M 1,25α(OH) 2 Vitamin D 3 (VD3; Calbiochem), 0.1 mM β-glycerophosphate (βGP), and 20.8 μg/ml ascorbic acid (AA) was used from day 5 of differentiation onward (zur Nieden et al., 2003; Ding et al., 2012; Sparks et al., 2018) . Non-osteogenic cultures were continuously cultured in CDM.
Immunocytochemistry
Cells were rinsed with phosphate buffered saline (PBS) and fixed in 4% paraformaldehyde at 4°C for 1 h. Fixed cells were permeabilized with 0.1% Triton X-100/PBS and stained with anti-OCN (AbCam; AB1857) in 4% FBS/PBS overnight at 4°C. A secondary anti-rabbit IgG conjugated to Alexa Fluor 546 (Invitrogen; A10040) in 10% FBS/PBS was incubated for 2 h at room temperature. Cultures were counterstained with 4′,6-diamidino-2-phenylindole (DAPI) and visualized using a Nikon Eclipse Ti microscope.
Cytochemical staining
Fixed cells were stained with 2% (w/v) Alizarin Red solution for 5 min and then washed with PBS followed by increasing concentrations of ethanol (70%, 80%, 90%, 100%). For von Kossa stain, cultures were stained with 5% silver nitrate solution under a strong light source for one hour. Cultures were washed three times with water and fixed with 5% sodium thiosulfate for 2 min.
Detection of calcium
To quantify calcium content, cells were lysed with radio-immunoprecipitation assay (RIPA) buffer (1% NP40, 0.5% sodium deoxycholate, 0.1% sodium dodecyl sulfate, in PBS). The cell lysate was assayed with Arsenazo III (Genzyme) and the change in absorbance measured at 655 nm in an iMark microplate reader (BioRad). Absorbances were compared to a CaCl 2 calcium standard and total calcium content normalized to the total protein content determined by a Lowry assay as described (Davis et al., 2011) . Each biological replicate was tested in 5 technical replicates.
Image acquisition and analysis
Differentiating cultures were placed inside the Nikon Biostation CT, a hybrid and automated incubator that contains a phase contrast microscope and maintains the culture at 37°C with 5% CO 2 . Phase contrast images were taken every 12 h for a period of 20 days from 10 separate areas within the culture plate. Images were assembled to create time-lapse videos (Fig. 1) . Time lapse videos were analyzed using the Matrix Laboratory (MatLab) program, designed to automatically segment black calcified areas from the individual phase contrast images from the time-lapse video using a manual threshold for pixels with an intensity value of 33 or less as described . Pixels corresponding to grey areas, which arise from three-dimensional cell growth, were removed to create segmented images of black-appearing calcified regions only. Remaining segmented pixels were counted to quantitatively represent the degree of calcification from each image.
Concentration response curves for tobacco toxicants were obtained by normalizing the calcium pixel counts in images of each concentration from a treated sample with the calcified pixel counts from an untreated sample represented as percentage. To determine the calcification rate the amount of calcified pixels from each image at a designated time point were subtracted from the amount of calcified pixels at t0 and divided by the hours of elapsed time.
Exposure with tobacco extract and constituents
Tobacco extract was made by incubating 10 g of Camel or Marlboro Snus in 100 ml of DMEM with 15% FBS overnight. The extract was centrifuged at 450 ×g for 10 min at room temperature and the supernatant again centrifuged at 13,000 ×g for 1 h to remove finer tobacco debris. The pH was adjusted to 7.4 and the extract filter sterilized. Nicotine, N′-Nitrosoanabasine (NAB), (R,S)-N-nitroso anatabine (NAT), 4-(methylnitrosamino)-1-(3-pyridyl)-1-butanone (NNK) and N′-nitrosonornicotine (NNN), (Toronto Research Chemicals), components previously identified in tobacco (Benowitz et al., 2009; Hecht et al., 1975) , were diluted in DMEM to yield a stock solution of 48 mM. Cell treatment started with d0 of differentiation and continued throughout. Medium including chemicals freshly diluted to final concentrations was changed every other day.
MTT assay
Osteoblast health in response to tobacco extract and constituent exposure was determined by 3-[4,5-dimethylthiazol-2-yl]-2,5-diphenylterazolium bromide (MTT) assay. Briefly, cells were incubated with MTT (120 mg/ml) at 37°C for 3 h. After the supernatant was removed, 0.04 mol/l HCl in isopropanol was added to each well, and the optical density of the solution was read at 595 nm in an iMark™ microplate reader (Bio-Rad) zur Nieden & Baumgartner, 2010; Walker et al., 2014) .
Determination of nicotine and tobacco-specific nitrosamine content
Concentrations of nicotine and tobacco specific nitrosamines in Camel Snus tobacco extract were measured commercially by Enthalpy Analytical (Henrico, VA).
Statistics
All experiments were run in biological triplicate. Arsenazo III-reagent based calcium assays were run in biological quintuplicate and video bioinformatic assessment was performed from a total of 30 areas within three independent culture wells. Values represent means ± s.d. Statistical assessment was performed with a t-test when appropriate (http://www.graphpad.com/quickcalcs/ttest1/) or One-Way ANOVA with Holm-Sidak posthoc test when multiple groups were compared (SigmaPlot). A P-value below 0.05 was considered significant. Halfmaximal inhibitory doses of cytotoxicity and differentiation (IC50) were taken from concentration-response curves and embryotoxicity classes calculated according to (Genschow et al., 2002; Genschow et al., 2000) .
Results
Snus tobacco extracts are inhibitory to osteogenic differentiation
In culture, calcification from emerging hESC-derived osteoblasts possesses a distinct appearance when viewed under phase-contrast microscopy ( Fig. 2A) as was previously found for mouse, rhesus, and marmoset ESCs (zur Nieden et al., 2003; Trettner et al., 2014) . This signature appearance is viewed as dense black clusters that result from the inability of light to pass through calcified matrix. These areas are immuno-positive for OCN, a bonespecific protein found in the bone matrix, and are composed of calcium as determined by Alizarin Red S ( Fig. 2A) (zur Nieden et al., 2003; Sparks et al., 2018; Trettner et al., 2014) . These dense black areas could be removed with the calcium chelator EDTA (Fig. 2B) , are not present when osteogenic factors were withheld from the media (denoted as non-osteogenic) (Fig. 2C, D) , and their increased levels correlate with an up-regulation in osteoblast-specific gene expression patterns (Sparks et al., 2018) .
We next exploited this calcification of the extracellular matrix, as a unique measure of osteoblast function, to determine the potential developmental toxicity of two types of Snus tobacco extract (STE), from the Marlboro and the Camel brand and contrasted it to the cytotoxicity, assessed with MTT assay zur Nieden & Baumgartner, 2010; Walker et al., 2014) . (Fig. 2D) . For both extracts, calcification was significantly inhibited in a concentration-dependent manner when hESCs were tested. Specifically, in a concentration range between 0.1 and 3% STE, the extracts decreased calcification independently of cytotoxicity. In the highest concentrations tested, the extracts were both cytotoxic and inhibitory to differentiation. Human fibroblasts, who represent fully differentiated somatic cells in this assay, were even more sensitive to the extracts and began to die at lower concentrations. When applying a biostatistical model that contrasts the IC50 values of all endpoints (Genschow et al., 2002 ; Fig. 1 . Schematic overview of image acquisition and data processing for video bioinformatic measurement of calcification. Cells are induced to undergo osteogenic differentiation through an overgrowth approach followed by addition of osteogenic factors on day 5. Differentiation is captured by time-lapse imaging every 12 h for a period of 20 days using the Nikon Biostation CT. Time-lapse images are preprocessed to minimize noise from images. Calcification from images is segmented via manual threshold of pixel value set at 33 using MatLab. Numbers of segmented pixels representing calcified regions are quantified representing the amount of calcification from each time point of the time-lapse imaging. Genschow et al., 2000) (Fig. 2E) , both Snus extracts classified as strongly embryotoxic, which predicts them to be detrimental to developing skeletal cells.
Identification of an early detection time point based on calcification kinetics
While this assay was seemingly predictive of the developmental adverse effects of Snus, a major disadvantage of it is its long duration. To determine whether assessment could be made earlier than at day 20, we hypothesized that the black appearance of the calcified matrix in phase contrast images could be exploited to measure hESC differentiation yield in a kinetic manner, which would allow us to determine a time point in which calcification rose measurably over the background. To do so, live cultures of osteogenically induced and non-osteogenically induced hESCs were imaged as time-lapse videos using the Nikon Biostation CT to follow their commitment into the osteogenic lineage. Images from all time points in the sequence were then extracted from the video and black-appearing calcified areas were segmented ) from all images (Fig. 3A) . The first day that calcification was significantly increased over non-osteogenically induced cultures, as judged from multiple different sets of experiments, was identified to be day 10 (Fig. 3B, C) .
To assess differentiation kinetics even further, we next determined the calcification rate of the cultures from the time-lapse video , which represents the added amount of calcification between to selected time points. Based on this calcification rate, we could determine that the amount of calcification added to the ECM of the H9 cells accelerated as time progressed (Fig. 3D, E) .
Snus tobacco extract adversely affects hESC calcification yield and kinetics
We next aimed to measure calcification from time-lapse videos to study the embryotoxicity of Camel Snus tobacco extract, the more toxic of the two Snus tobacco products tested, in more detail. Photomicrographs derived from key time-points of time-lapse videos created from osteogenically differentiating hESCs treated with STE morphologically revealed no overt calcium deposition at 1% STE (Fig. 4A) or higher (Fig. 2D) .
The image-based calcification assay was then used to quantify calcium deposition in concentrations below 1%. The lowest dose tested (0.001% STE) did not cause any significant changes in the number of segmented pixels compared to the solvent control cultures (Fig. 4B) . However, at doses higher than that, a concentration-dependent decrease in calcification was noted that was first significant at d8 of Genschow et al., 2000) . Normalizing the calcification output of a tobacco treated sample to the solvent control, the image-based program detected differences between various tobacco concentrations again supporting the notion that higher doses of STE decreased calcification (Fig. 4C ). In addition, both analyses suggested an early delay in calcification (d5-10) coupled with a dose-dependent overall yield at the maturation stage (d20). In line with these findings, the calcification rates showed significantly slower calcification profiles dependent on STE concentration (Fig. 4D) . We then exploited this image-based kinetic information on calcification to set a time point for earlier screening than d20, which is currently the norm (zur zur Nieden & Baumgartner, 2010; Walker et al., 2014; Kuske et al., 2012) . To do this, we decided on day 10, since it produced the first stable and significant difference beyond a baseline threshold (compare Fig. 3B, C) . Based on such a d10 analysis, a concentration response curve was generated (Fig. 4E ) and a half-maximal inhibition of differentiation (ID 50 ) determined to be 0.12 ± 0.09% STE. A concentration-response curve generated from d20 data obtained with the traditional dye-based calcification assay revealed a similar ID 50 value of 0.12 ± 0.05% (Fig. 4F) .
Nicotine is not a major contributor to the osteotoxic effect of Snus tobacco extract
Tobacco is a complex mixture of at least 5000 chemicals that are toxic and carcinogenic (Hecht et al., 1975) and it is still undetermined which of these chemicals lead to the observed changes as presented above. The most recognized component found in tobacco smoke is nicotine, which is responsible for the addictive properties associated with cigarette use (Rickert et al., 1984; Talhout et al., 2011) . Its less recognized effects include the lowering of 25-hydroxyvitamin D serum levels as was described for adult female rats suggesting that nicotine may cause issues with body storage of vitamin D, a hormone necessary for bone turnover (Fung et al., 1999) . Likewise, nicotine caused a reduction in bone mineral content (Fung et al., 1999) . In the adult, nicotine can complicate bone healing and may significantly decrease bone mineral content (Gerdhem & Obrant, 2002) . In addition, epidemiological studies showed that post-menopausal women who smoke lose more cortical bone than non-smokers (Behnke & Smith, 2013) , suggesting a link between tobacco and osteoporosis. Thus, as nicotine has been proposed to influence bone formation previously, we used our image-based calcification assay to determine whether nicotine was the component in tobacco responsible for the observed decrease in calcification.
The results showed no discernible difference in culture morphology in any of the concentrations of nicotine tested (Fig. 5A) . Segmenting the pixels associated with calcification revealed a seeming increase in calcification in all tested concentrations, however these were not statistically significant (Fig. 5B, C) . Calculations for the calcification rate confirmed the nicotine treated samples exhibited the same calcification kinetics as the untreated sample (Fig. 5D ). Concentration-response curves based on both image analysis and Arsenazo III-reagent calcium measurement did not show any significant reduction in calcification yield (Fig. 5E, F) . In conclusion, this data implies that the change in the functional output of osteoblasts derived from hESCs observed after exposure to whole tobacco smoke extract was not due to the nicotine component.
N′-nitrosonornicotine potentially contributes to the toxic effect of Snus tobacco extract
Tobacco specific nitrosamines (TSNAs) are another set of major components in tobacco (Rühl et al., 1980) . They are widely accepted to contribute to its cancer risk (Hecht, 2014; Xue et al., 2014) , but their effect on the osteogenic lineage is less well understood. To determine whether TSNAs had a contributory effect to the observed developmental osteotoxicity of STE, we next treated differentiating hESCs with various concentrations of N′-Nitrosoanabasine (NAB), (R,S)-N-nitroso anatabine (NAT), 4-(methylnitro-samino)-1-(3-pyridyl)-1-butanone (NNK) and N′-nitrosonornicotine (NNN), and measured the outcome of exposure with regard to cytotoxicity and osteogenic differentiation yield. Human foreskin fibroblasts were also exposed to determine the effects of the chemicals on fully differentiated cells. The corresponding data suggested that neither NAT nor NNK caused any adverse effects in the tested range. In contrast, NAB similarly reduced calcification and cellular viability of the differentiating osteoblasts with similar halfmaximal inhibitory doses (Fig. 6A, B) .
However, the cytotoxic effect of NAB did not seem to be specific to developing osteoblasts only, since the fibroblasts were equally sensitive. In contrast, NNN decreased calcification output at concentrations below such that caused cytotoxicity in either cell line, suggesting a specific effect on osteoblast cell fate. The decrease in calcification occurred over a large concentration range, with statistically significant decreases that were lower than the solvent control starting at 85 pg/ml of NNN. Thereby, only NNN exhibited an inhibitory effect on osteoblast differentiation at concentrations actually present in the STE extract (Fig. 6A, B) . (E, F) Full concentration-response curves determined for all tested concentrations from 10-day-old cultures using video bioinformatics on segmented pixels and from d20 cultures using an Arsenazo III-reagent-based calcium assay. B-E n = 3 biological replicates 10 technical replicates ea.; F n = 3, 5 technical replicates ea. ± SD. *P < .05, One Way ANOVA versus untreated. Statistics shown only for d10 and d20 for ease of readability. STE, Snus tobacco extract.
Next, we used image analysis on NNN exposed hESCs to determine the developmental toxicity of NNN in more detail. Visual inspection of the segmentation of calcified areas in images of NNN treated cells suggested that NNN had a concentration-dependent effect on calcification as already determined with the Arsenazo III reagent-based calcium assay (Fig. 7A) . This finding was also confirmed with the quantitative pixel count analysis (Fig. 7B, C) . However, the determination of the calcification rate discovered a novel parameter of the defect, which was that low concentrations of NNN were associated with late mineralization defects, while higher concentrations exhibited early differentiation inhibition (Fig. 7D) .
Comparison of the image-based calcification assay on d10 (Fig. 7E ) with the Arsenazo III reagent-based method as assayed on d20 (Fig. 7F) confirmed the dose-dependent decline in calcification as a result of NNN treatment with the image-based analysis being slightly more sensitive as the conventional assay. The half-maximal inhibitory dose response calcification curve across all tested concentrations generated using image-quantified calcium measurement. (F) Arsenazo III reagent-based endpoint calcification curve. B-E n = 3 biological replicates 10 technical replicates ea.; F n = 3, 5 technical replicates ea. ± SD. *P < .05, One Way ANOVA versus untreated. Statistics shown only for d10 and d20 for ease of readability.
that was determined for NNN with the image analysis was 0.115 μg/ml, which was very close to the level of 0.0618 μg/ml that was found in the STE extract.
Discussion
In this study, we have successfully used image analysis and quantification of data performed from a series of time-lapsed images in the form of videos to quantify calcification of osteoblasts derived from human ESCs and to characterize the differences in calcification in response to a major environmental toxicant. The time-lapsed image-based calcification assay that was used in this study analyzes the complete calcification process, d0 to d20, from one live culture. The kinetic manner in which it was used facilitated a reduction in assay time when screening the effects of tobacco extracts and its constituents on osteogenesis due to the identification of the earliest time point at which significant differences could be detected between the treated solvent control and a tested concentration of chemical. In addition, the calcification rate determined that calcification was slightly delayed upon exposure to Snus tobacco extract.
There are four cellular mechanism for the induction of skeletal defects during embryogenesis: environmental toxicants may a) change the activity of metabolic enzymes, b) induce permanent epigenetic changes (Brown et al., 1990) , c) reduce cell numbers (McLeod et al., 1972; Snoeck et al., 1990; Matsui et al., 1989) or 4) alter the identity of progenitor cells (Godfrey et al., 1994) . Evidence from human studies so far suggest that skeletal development might be programmed as a consequence of the first three of these mechanisms. However, the fact that calcification reached a limit early on during the differentiation process and failed to further increase over time as seen with the video bioinformatic approach may provide first evidence that the fourth mechanism is also at play, as it points to a defect in differentiation early on in development.
Indeed, cigarette smoking has been suggested to have adverse effects on bone tissue. For example, smoking increased the occurrence of developing osteopathies, such as osteoporosis (Ayo-Yusuf & Olutola, 2014; Iqbal et al., 2013; Brook et al., 2012) and Legg-Calve-Perthes Disease (Daniel et al., 2012) and has been implicated in delayed healing of fractured bones (Sloan et al., 2010; Moghaddam-Alvandi et al., 2013) . Based on the results presented here, negative effects of tobacco on the adult bone are not surprising, given that osteogenesis is a lifelong process. Bone matrix is constantly digested by the osteoclasts only to be renewed by the osteoblasts, in a process called bone remodeling. During bone remodeling, osteoblasts arise from the differentiation of mesenchymal cells that reside in the bone marrow, which under influence of tobacco may not secrete adequate amounts of bone matrix or undergo apoptosis prematurely.
Our results also corroborate newer data that is suggesting detrimental effects of prenatal tobacco exposure on the embryonic and newborn skeleton. Among other environmental factors it accounts for the high frequencies of many congenital anomalies in infants (Stillerman et al., 2008) , including such that affect the skeleton. Limited research in young adults and immature animals suggests a detrimental effect of tobacco on bone during growth (Iwaniec et al., 2000a) and more recent studies correlate in utero exposure to lowered neonate bone mineral quality (Godfrey et al., 2001) , consequently leading to increased childhood fracture risk (Parviainen et al., 2017) . We add here to the growing body of evidence the designation of Snus tobacco extract as a potential developmental toxicant, specifically in the osteogenic lineage.
Our further studies suggested that nicotine was not the primary culprit causing this adverse effect. In the light of some prior studies our results are surprising. In the adult, for instance, nicotine consumption from tobacco use and cigarette smoking can lead to complications in bone remodeling and healing, as determined from a reduction in bone mineral content (BMC). In a cohort study to determine the effects of cigarette smoking on bone mass, Gerdhem and Obrant found a significant decrease in BMC in the femoral neck, tibia, calcaneus, as well as in the lumbar spine and bones in the hand (Gerdhem & Obrant, 2002) . Also, in rat calvarial osteogenic cells and clonal mouse calvarial preosteoblastic MC3T3-E1 cells, nicotine caused a reduction in ECM calcium content (Yuhara et al., 1999) . However, the mentioned studies found the inhibitory effect of nicotine at relatively high concentrations of 250 μg/ml. In arterial blood, this concentration is not reached after smoking a cigarette (Gourlay & Benowitz, 1997) . Concentrations can reach up to 0.1 μg/ml, but average between 0.02 and 0.06 μg/ml (Gourlay & Benowitz, 1997; Henningfield & Keenan, 1993; Lunell et al., 2000; Rose et al., 1999) . While nicotine crosses the placental barrier and is thought to accumulate in fetal serum and amniotic fluid in slightly higher concentrations than in maternal serum (Dempsey & Benowitz, 2001) , the in vitro concentrations that cause osteoblast toxicity are not reached in vivo. In contrast, our study tested nicotine in these physiological ranges and did not detect any adverse effects.
In line with our findings, other prior literature has also doubted that (E) Concentration-response curve determined from 10-day-old cultures using video bioinformatics on segmented pixels, n = 3 biological replicates (10 technical replicates ea) ± SD. *P < .05, One Way ANOVA versus untreated. (F) Concentration-response curve from d20 cultures using an Arsenazo III reagent-based calcium assay, n = 3 ± SD. *P < .05, One Way ANOVA versus untreated. Statistics shown only for d10 and d20 for ease of readability.
the reproductive toxicity of cigarette smoking is primarily related to nicotine (Dempsey & Benowitz, 2001 ). Instead, they conclude that the cumulative abnormalities produced by the various toxins in cigarette smoke are probably responsible for the numerous adverse reproductive outcomes associated with smoking. Indeed, even with a sufficiently high intake of nicotine (Akhter et al., 2003) , its effects on bone biomechanical properties are marginal (Silcox III et al., 1995; Fung et al., 1998; Iwaniec et al., 2000b; Iwaniec et al., 2001) , while the complete chemical mixture found in tobacco smoke jeopardized bone integrity at an implant interface (Cesar-Neto et al., 2003) . Instead, we show here that during developmental bone toxicity, a major culprit might be the TSNAs, specifically NNN. While the use of chewing tobacco reduces exposure to chemicals that are produced during combustion, Snus still contains a high amount of TSNAs (Song et al., 2016) . TSNAs are classified as carcinogens but have also been shown to cause adverse health effects in mammalian cells due to noncancerogenic mechanisms, such as promotion of oxidative stress and inflammation (Hoffmann & Adams, 1981; Yalcin & de la Monte, 2016) . In fact, efforts are under way to limit TSNA content in Snus and tobacco companies are already marketing low TSNA Snus (Song et al., 2016) . Designated as such a low TSNA Snus, the extract of the Camel Original Snus tested here still contained a level of TSNAs, specifically NNN, that was near the half-maximal inhibitory dose found for this chemical. Moreover, NNN was found to have detrimental effects to osteoblast differentiation at 85 pg/ml, a concentration much lower than the determined half-maximal inhibitory dose and more importantly within proximity to the range of 8.9-47.2 pg/ml NNN measured in urine of tobacco consumers (Stepanov & Hecht, 2005; Kavvadias et al., 2009) . Hence, there is reason for concern that Snus consumption may be detrimental to differentiating osteoblasts also in the developing embryo and that NNN may be a major contributor to the detrimental effect of Snus on differentiating osteoblasts.
We conclude this because NNN exposure not only reduced overall calcification yield, as did Snus exposure, but also because the kinetics with which calcification was affected were very similar. We were able to deduce the differentiation kinetics due to the time-dependent assessment of calcification from video-derived images. Ultimately, this method can be used to generate calcification curves and identify ID 50 of other constituents of Snus with a simple variation in the protocol.
